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I. INTRODUCTION
I NTELLIGENT Transportation Systems (ITSs) require direct Vehicle-to-Vehicle (V2V) communication to provide safety and infotainment services. Two types of broadcast messages can be identified: periodic and non-periodic messages [1] , [2] . Manuscript Periodic messages aim at achieving vehicle awareness whereas non-periodic, e.g. event-driven messages, are transmitted to respond to specific hazardous situations. There have been several standardization activities aiming at offering a reliable communications with low latency and cost. On the one hand, Dedicated Short-Range Communication (DSRC) has been developed using IEEE 802.11p, which is based on Carrier Sense Multiple Access (CSMA). Nevertheless, 802.11p suffers from the main limitations related to 802.xx standards, such as poor scalability to high traffic density and poor support of high mobility [3] . Hence, solutions based on 4G and 5G cellular networks come to the fore [2] , [4] . LTE V2X is the response of the 3GPP standardization body to the high market expectations and will use the same principles as those that are envisioned for Deviceto-Device (D2D) communications [2] . The 3GPP specifies two phases for both D2D and V2V communications: 1) neighbours discovery, where vehicles announce their presence; and 2) direct communication, where asynchronous events are reported [5] .
Additionally, there are two mechanisms to access the resources: scheduled and autonomous mode. The scheduled mode involves the exchange of transmission requests and grants with the Base Stations (BSs), and it may suffer from long delays. Hence, the autonomous mode is normally preferred where it is possible for the devices to select the transmission resources without network involvement. Yet, the network has a key role in providing synchronization. For autonomous mode the 3GPP propose the use of Geo-Location based access (GLOC) [4, Sec. 23.14.1.1. (support for V2X sidelink)]. With this technique, vehicles access the channel based on its position. The road is divided into segments, where each segment is associated with a single orthogonal Access Resource (AR). The mapping between ARs and segments is made to maximize the co-channel distance, which is the minimum distance between two segments that use the same set of ARs. In [6] , it is proposed GLOC for the discovery and communication phase in V2V communications. It is shown through simulation that the benefits of this technique are: (i) high reliability, since the distance to interfering vehicles can be increased with the number of ARs and (ii) MAC layer does not add any delay on accessing the channel.
A. Stochastic Geometry Analysis of Vehicular Networks
Besides simulation based studies like [6] , analytical models can provide further insights. Additionally, mathematical 0018-9545 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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analysis leads to expressions that can be evaluated quickly and allows to perform optimization of the most relevant performance metrics. Here is where stochastic geometry [7] appears as a promising tool, since it allows tractable and realistic analysis due to the random nature of the location of transmitting nodes in Vehicular Ad Hoc Networks (VANETs). For instance, [8] analyzes, with the aid of stochastic geometry, the capture probability, average throughput and mean density progress of transmitted packets for the case of unicast transmissions with ALOHA. In [9] , CSMA for unicast multi-hop communications is considered with several routing strategies. It also considers multi-lane abstraction model which is more accurate than singlelane models for wide roads. The performance of IEEE 802.11p is assessed with the aid of stochastic geometry and queuing theories in [10] . Here it is modelled the temporal characteristics CSMA, which adds a delay on the transmission because of the back-off counter. To account for the spatial dependence, which is derived from the carrier sensing, and also for the temporal behavior, which is derived from the back-off counter, a discrete Matérn Hard Core Point Process (HCPP) is proposed to model the locations of concurrent transmitters.
B. Main Contributions
In this work, GLOC access technique is analyzed taking into account the velocity-dependent safe distance, d safe , between vehicles of the same lane. Such a safe distance imposes some correlation between locations of the vehicles, since there are no neighboring vehicles closer than d safe . Due to this minimum distance, we have chosen the Matérn HCPP of type II to model the locations of vehicles within the same lane. This point process considers initially that points are drawn according to a Poisson Point Process (PPP) whose density is λ b . Then, a random mark, which is uniformly distributed between 0 and 1, is given to each point. Those points that have a neighbor closer than the minimum distance with a smaller mark are removed [7] . After the thinning process the resulting density is λ L = (1 − e −2λ b d s a f e )/(2d safe ). However, such a point process is generally intractable, and only some moments of the interference can be obtained without resorting to approximations [11] . To overcome such an intractability, we will use conditional thinning as in [12] . In simple terms, the locations of vehicles are first assumed to be placed according to a PPP whose density is λ L . Then, spatial constrains (correlation) in the form of a minimum distance between points, d safe , are imposed by means of an indicator function, but only in the proximity of the transmitter and the receiver. Hence, the main difference between Matérn HCPP of type II and the proposed approximation is that with the latter approach, it is not imposed the minimum distance between each point. Instead, it is only applied to those points that are near to the receiver and the transmitter. In this work we provide the following contributions: 1) Mathematical Framework for Analysis of Geo-Location Based Access: We propose a mathematical framework for the analysis of GLOC considering a minimum distance between vehicles of the same lane. Two kinds of resource allocation schemes are considered: Single-Lane Partition (SLP) and Multi-Lane Partition (MLP), which have different trade-offs and mainly differ on whether lane-finding is required or not. With SLP, the road is divided in different segments, whereas with MLP, each lane is divided in segments. Both broadcast messages, i.e., periodic and non-periodic, are modeled to obtain a complete understanding about the capabilities of GLOC as a MAC for ITS. Additionally, system-level parameters like message size, reporting rate, broadcast distance, etc. are taken from recommentations of the 3GPP Work Items [13] and [14] to study the support of LTE for V2V services. The path loss slope and path loss exponent values have been chosen according to the measures obtained in [15] for the vehicular scenario. Interestingly, the path loss exponent in V2V channels, α, is normally smaller than 2 [15] - [17] . This means that the locations of vehicles should be placed as a one-dimensional (1D) PPP instead than a two-dimensional (2D) PPP. This is because the Probability Generating Functional (PGFL) of the PPP in R d , with d ∈ N, only exists for a path loss exponent, α > d [7] . With α < 2 this condition is only fulfilled when the vehicles are modelled according to a 1D PPP (d = 1). However, 1D PPP is an appropriate modelling choice for the case of straight roads as it is considered in this paper. Finally, the capture probability, the average interference, the average Binary Rate (BR) and Energy Efficiency (EE) are derived.
2) Theoretical Insights: Many useful insights have been obtained from the derived expressions. Interestingly, it has been shown that: (i) the capture probability is an increasing function with respect to the transmit power with exponential dependence; (ii) the system is noise-limited for MLP when the number of ARs is high enough whereas it is interference-limited in case of SLP; (iii) the average interference diverges when it is evaluated in co-channel segments with SLP, whereas it always converges for the case of MLP. The fact that with MLP the system is noiselimited for a given number of ARs means that it is possible to achieve an arbitrary high capture probability by increasing the transmit power.
3) Optimization: The optimum transmit power that achieves a capture probability greater or equal than a given threshold while maximizing the EE is obtained. Such minimum capture probability is expressed as a percentage, δ, of the maximum capture probability that can be achieved. Interestingly, the same optimal transmit power is obtained under SLP and MLP. The rest of the paper is organized as follows. An overview of MAC schemes for VANETs is provided Section II. Section III presents the system model. The mathematical analysis and optimization are explained in Section IV. Finally, numerical results and conclusions are given in Sections VI and VII.
II. RELATED WORK
In this section, a review of the existing MAC schemes for vehicular communications is provided. In particular, it is depicted the use of GLOC, which has been recently proposed for LTE V2X [4] . Then, existing works related to EE in vehicular communications are briefly reviewed.
A. MAC Schemes for Vehicular Communications
Depending on the location of resource allocation process, MAC schemes can be classified on centralized or distributed. In centralized schemes, a central unit, e.g. a Road Side Unit (RSU) or a BS, allocates transmission resources to the vehicles. An advantage of centralized approaches is that they can avoid collisions; however, they have three main drawbacks: (i) they are complex as they require an association procedure and infrastructure; (ii) they add an overhead due to control channels; and (iii) they add a delay. For these reasons distributed solutions are normally preferred. These solutions can be classified as: 1) contention-based; 2) resource reservation; 3) hybrid schemes; and 4) geo-location based.
1) Contention-Based: These schemes rely on carrier sensing and back-off windows to reduce collisions [18] . Most of the studies about contention-based schemes focus on controlling the rate or obtaining an adequate contention window for a given setting. In particular, an adaptive mobility-based algorithm is proposed in [18] . This algorithm selects an appropriate pair of contention window size and communication range based on the average vehicle density and speed. Nevertheless, those schemes do not solve 802.11p drawbacks as high number of collisions with high traffic densities and poor support of high mobility [3] .
2) Resource Reservation: These methods aim at ensuring that each resource is used at most by a given vehicle among the one-hop neighbors [19] , which is called cluster. Here, it is assumed that only one-hop neighbors can either establish a direct communications and/or produce a collision. In [19] it is proposed a Time Division Multiple Access (TDMA) scheme with resource reservation. With the proposed scheme, each vehicle periodically sends the list of active one-hop neighbors, and their associated reserved slots. To solve issues related to clustering management, a clustering scheme for LTE-V2V that eases clustering management is proposed in [20] . Here, vehicles with similar mobility are grouped together, which increases stability and reduces cluster rebuilt costs. Nevertheless, such an approach do not resolve completely collisions when trying to reserve an idle slot, or when two vehicles with the same reserved slot enters in the same one-hop set. Additionally, those methods are associated with a high overhead, since every vehicle has to broadcast the list of neighbors and reserved slots.
3) Hybrid Access: These methods combines different technologies with CSMA [21] , [22] . In [21] it is proposed a two-stage autonomous resource selection mechanism for LTE-V2V. In the first stage a pool of resources is selected according to the heading vehicle direction. In a second stage, CSMA is performed to select the resources within the selected pool of resources. In [22] it is considered a multi-channel structure, where CSMA is used for delivery of safety messages on a common channel and token ring is used in different channels for different clusters of vehicles. Nevertheless, these approaches are generally complex since they consider different access mechanisms and still have reliability issues that are inherited from CSMA. 4) Geo-Location Based Access: These schemes, which are also known as Spatial Division Multiple Access (SDMA), consists on a discretization procedure where the road is divided in segments, and a mapping function that allocates orthogonal ARs or slots 1 to different segments [23] , [24] . Then, vehicles determine the segment where they belong, based on their geo-location information and use the associated AR. In [25] it is proposed a GLOC based access to improve reliability and security. To avoid bandwidth inefficiency, vehicles use slots associated with empty segments. In [26] geo-location information is used to perform resource allocation and power control in LTE V2V and cellular communications. The aim here is to reduce the interference between cellular and vehicular communications.
Compared with existing approaches, GLOC offer potentially the following benefits: 1) high reliability, 2) low overhead, 3) low latency and 4) it represents a simple protocol which facilitates its implementation. 1) is because increasing the number of ARs increases the co-channel distance, and hence reduce collisions. 2) and 3) are due to the fact that it is not needed any reservation nor information exchange to access the resources, i.e., the vehicles estimate their position and transmit in the corresponding AR as soon as they have data to transmit. This involves that vehicles must monitor all the ARs, and receive from several ARs simultaneously [27] . However, this can be achieved thanks to the use of SC-FDMA, which is based on OFDMA as proposed e.g. in [28] . These aforementioned potential benefits and the fact that such a scheme has not been analysed mathematically ( [6] , [23] - [25] focus on simulation results) motivated us to study in deep such an scheme. GLOC is only analyzed in [29] . However, compared to [29] , in the present work we provide many more theoretical and numerical results. The main weakness of GLOC might be bandwidth inefficiency, specially at low vehicle densities, since it could be some empty segments. Nevertheless, this issue can be mitigated by using techniques like [25] .
B. Energy Efficiency in Vehicular Communications
Although reliability, latency and throughput are normally the main performance indicators in vehicular communications, EE, has also recently received important attention for the financial and environmental considerations [30] . Energy efficiency is even more relevant if electric cars are considered as a widely used means of transportation in the future [31] . Additionally, minimizing the energy consumption in VANETs is benefitial to reduce the greenhouse gas emission (CO 2 ) [30] , [32] . In this context, a game theoretic model is proposed in [33] to decide whether to disseminate the information or not, based on the current energy situation of the vehicular network. The proposed algorithm minimizes the energy consumption, overhead and time. In [30] , it is considered three routing strategies that determine the set of relying vehicles and communication range that maximizes the EE. In [32] , an hybrid spectrum access scheme in V2I uplink scenario in cognitive VANETs is proposed to increase the EE. 
III. SYSTEM MODEL
A straight road with n L lanes is considered as appears in Figs. 1 and 2 (n L = 2), where the length of the road is much greater than its width and thus the z coordinate can be neglected. As pointed out in [13] , there is a velocity-dependent safe distance between vehicles of the same lane, referred to d safe . Hence, positions of vehicles within the same lane are assumed to follow a Matérn HCPP of type II, Φ L = {V 0 , V 1 , · · · } ⊂ R, whose density is λ L and its minimum distance between points is d safe . In an abuse of notation, we use the symbol, V k , being k ∈ N ∪ {0}, to refer to a given vehicle as well as its position, e.g., V 0 is the location of a given vehicle, V 1 is the location of another vehicle, etc. The assumption of a minimum distance between vehicles leads to a maximum vehicle density per lane, which is λ L,max = 1/ (2d safe ). It is assumed that at a given time instant a vehicle has data to transmit with probability p a ; hence the set of active vehicles Φ (a) L = {VT 0 , VT 1 , · · · } is obtained through independent thinning from Φ L with density λ L p a . A summary of main symbols is provided in Table I .
A. Resource Partition Schemes
With GLOC, the road is divided into segments of length d A meters, and each segment is associated with a given orthogonal AR. The useful system bandwidth, b w , is divided between the Union of all the segments associated with the j-th AR τ, α Slope and exponent of the path loss function
Point process that models the location of vehicles in the abstraction model for SLP and MLP Φ (a ) , λ (a ) Thinned point process that model the location of active vehicles in the abstraction model for SLP and MLP VT 0 , AR 0
Probe vehicle transmitter and its related AR
Generic active vehicle and its fading towards the probe receiver σ 2 n , I Noise power and aggregate interference ARs. At a given time instant, each vehicle with data to transmit determines its current segment based on its position and then, it transmits with the mapped AR. The mapping between segments and ARs is made to maximize the co-channel distance. For the sake of tractability, it is assumed that the segment does not change during the transmission of a single message. We propose two resource partition schemes, identified as SLP and MLP, that mainly differ on whether lane-finding is required or not. With SLP, the road is divided in different segments, whereas with MLP, each lane is divided in segments. The frequency allocation process of SLP is depicted as appears next:
1) The road is divided into segments of d A meters. Each segment consists of n L lanes. 2) A bandwidth of b w /n AR is allocated to each AR, where n AR is the number of ARs.
3) The segments are grouped into consecutive clusters of n AR segments. A single orthogonal AR is allocated to every segment within a given cluster. The mapping between segments and ARs is made with maximum co-channel distance criterion, aiming at minimizing the interference. A sample of SLP scheme for n AR = 3 and n L = 2 is shown in the top of Fig. 1 , whereas the mathematical abstraction model as a one-dimensional point process is illustrated at the bottom of the figure. In this case, each color (blue, green and red) represents a different AR whereas segments are represented as A (j ) c , where j identifies the AR, and c identifies the cluster. On the other hand, MLP considers that each segment only contains a single lane. The process to allocate frequencies with MLP is described as follows: 
The system bandwidth is equally divided among lanes. Therefore, there is b w /n L Hz available for each lane and there is no interference among different lanes.
where n AR is the number of ARs per lane. Thus, the overall number of ARs is n L · n AR . 4) The segments of each lane are grouped in consecutive clusters of n AR segments. A single orthogonal AR is allocated to every segment within a given cluster. The mapping among segments of the same lane and ARs is made with maximum co-channel distance criterion, aiming at minimizing the interference. represents segments related to lane 2. Each scheme has different pros and cons. With SLP it is not required to identify the lane in which the vehicle is traveling. On the other hand, MLP considers that vehicles are capable of estimating their position and also their current lane. On the negative side, it can be noticed that SLP leads to a higher density of co-channel interfering vehicles, since each segment has several lanes. Besides this, the minimum distance towards the nearest interfering vehicle is reduced. This is due to the fact that with SLP an interfering vehicle could be located in a different lane than the probe receiver but in the same location (x coordinate, see Fig. 1 ). This does not happen in case of MLP thanks to the minimum (inter-vehicle) safe distance. Nevertheless the bandwidth for each AR is lower in MLP.
These differences have also implications on the mathematical modeling of SLP and MLP. In particular, with SLP there is not a minimum distance between vehicles, and hence the position of interfering vehicles can be modeled as a PPP. The bandwidth per AR and vehicle densities are also different, as summarized in Table II . The analysis is performed for a typical transmitter, i.e., a randomly selected Vehicle Transmitter (VT). This transmitter is named the probe VT, and it is represented with symbol VT 0 . Analogously, its associated AR is the probe AR, which is denoted by AR 0 . Symbol A (j ) c identifies the segment associated with j-th AR within cluster c. The set that represents all the segments associated with AR j is represented as
c . Fig. 3 shows a sketch of the abstraction model, either for SLP or MLP. In case of SLP, this abstraction model is related to a given road, whereas in case of MLP it is related to a given lane. Without loss of generality, it is considered that the probe segment, A (AR 0 ) 0 , is centered at the origin. For a given segment, co-channel segments are those that use the same AR. Being the probe segment centered at the origin, x = 0, the 
, can be expressed as
As specified in [4] the mapping and the segments can be either pre-configured in the vehicles or configured by the eNB. The configuration information include the segment's length, d A , number of segments, n AR , and a fixed reference point (i.e., the origin of coordinates).
B. Signal Modeling
Transmitted signals suffer from Rayleigh fading, hence the channel power gain is exponentially distributed with unitary mean. Path loss is modeled through a path loss slope τ and a path loss exponent α. Having a receiver placed at location x, the SINR can be expressed as follows
where | · | the Euclidean distance, H VT 0 is the fading power gain between VT 0 and the test receiver, ρ VT is the transmit power per Hz, σ 2 n is the noise power and I(x) the received interference at x. It is assumed that there is a maximum communication range given by d max , hence a receiver cannot detect signals from transmitters farther than d max . Thus the interference term can be expressed as follows
being Φ (a) the set of active vehicles in the abstraction model; 1(·) the indicator function and b x (d max ) the ball centered at x with radius d max . H VT i is the fading between VT i and x. As can be observed in (3) the interference evaluated at x accounts for all the transmitting vehicles that are placed at a smaller distance than d max and belong to co-channel segments, i.e., A (AR 0 ) . As it has been justified before, in case of SLP, Φ (a) is a PPP obtained through independent thinning, with probability p a , from Φ. However, in case of MLP, Φ (a) is obtained through independent thinning over Φ, which is now a Matérn HCPP of type II. Such point process is difficult to analyze because its probability generating functionals do not exist, [11] . Hence, the following assumption over the interference is proposed for the sake of tractability. Assumption 1: The interference term in case of MLP can be approximated as appears below
where Φ (a) is a PPP with density λ L p a . The reasoning behind Assumption 1 is explained below. For tractability, it is assumed that Φ (a) follows a PPP, instead of a thinned version of a HCPP that represents the locations of active vehicles within the same lane. The correlations in the actual point process are captured in the form of spatial constraints by means of a dependent thinning with two indicator functions. These constrains guarantee that there are no vehicles nearer than d safe to the probe transmitter nor to the test receiver, which is placed at x.
Remark 1 (Exact analysis): In the forthcoming analysis: (i) the results for the SLP case are exact, since there is PPP as the generative process of the locations of active vehicles; and (ii) the results for the MLP case are approximations due to Assumption 1.
C. Key Performance Indicators
The capture probability represents the probability that a message is correctly received and it is expressed as the probability of the SINR being higher than a given threshold, γ. We consider that each transmitter uses a fixed MCS. Here, we use the same abtraction as in [34] to represent the BR of correctly received bits as
where b AR represents the bandwidth associated with a given AR and it is given in Table II . On the other hand, γ represents the SINR threshold associated with the considered MCS, where log 2 (1 + γ) is its spectral efficiency in terms of bps/Hz. The EE is defined in terms of b/J as the quotient between the BR and the transmit power per AR. It is written as
D. Broadcast Message Types
As it is mentioned in the introduction, there are two types of broadcast messages: periodic and non-periodic, which are related to the neighbour discovery and communications phase, respectively, for 3GPP based V2V communications. For nonperiodic messages, it is assumed that the probability of being active, i.e., with data to transmit, depends on traffic conditions and other related human issues and thus it is a fixed parameter. The case of periodic messages is different, since in this case, the probability of being active depends on the periodic rate and the time needed to transmit the message. This latter metric depends on the spectral efficiency of the MCS and also of the AR bandwidth, b AR . Hence, for the case of periodic messages, the probability of being active is expressed as follows
where t rep is the reporting latency, i.e., the time between two consecutive messages and m bc is the message size in bits. It should be noticed that the time required to transmit the message, which is m bc / (b AR log 2 (1 + γ)), cannot be higher than t rep . This imposes the following inequality over the above parameters that must be fulfilled m bc / (b AR log 2 (1 + γ)) < t rep .
Remark 2 (Density of active vehicles):
In view of (7) and Table II it should be noticed that the density of active vehicles transmitting periodic messages, λ · p a , is the same for SLP and MLP schemes for the same n AR .
IV. ANALYSIS OF THE INTERFERENCE AND CAPTURE PROBABILITY
Given the broadcast nature of the considered transmissions, a probe receiver placed at a distance r bc from the probe transmitter, VT 0 , is considered. Hence, the metrics of interest are evaluated at x = VT 0 + r bc .
A. Single-Lane Partition (SLP)
To obtain the capture probability, we first compute the Laplace transform the interference, which is given with the following lemma.
Lemma 1: With SLP, the Laplace transform of the interference evaluated at x ∈ R can be written as
where the function κ (c, s, x) 2 appears in (9) , which is placed at the top of next page, and it uses the functions that are defined below Proof: The proof is given in Appendix A. Theorem 1: With SLP, the CCDF of the SINR, or equivalently the capture probability, at a distance r bc from the typical vehicle transmitter, VT 0 , appears below
where L I (x) (s) is the Laplace transform of the interference, which is given in Lemma 1, with s = γ ρ V T (τ r bc ) α and x = VT 0 + r bc .
Proof: Since the probe transmitter is chosen at random from the set of active vehicles, its position inside the probe cluster, which is represented as VT 0 , is uniformly distributed within the interval [−d A /2, d A /2). Hence, the CCDF of the SINR at x = VT 0 + r bc can be written as
where (a) comes after reordering the expression of the SINR and applying the total probability theorem over position VT 0 ; (b) after performing expectation over the fading and conditioning over the interference; and (c) after expressing the expectation over VT 0 in integral form. Corollary 1: The capture probability with SLP in the limiting case where n AR → ∞ is given as follows
Proof: The proof follows the fact that when n AR → ∞ the indicator function given in (29), 1 (y ∈ b x (d max )), is non zero only for c = 0.
Remark 3 (Intra-segment interference limited regime): In view of Corollary 1 it can be observed that the capture probability when n AR tends to infinity is limited by the interference of the probe segment (c = 0), which is related to those cases where an interfering vehicle is transmitting in the same segment as the probe vehicle transmitter.
Lemma 2:
The average received interference at x, being the probe segment centered at the origin can be expressed as
Proof: Using the fact that the Laplace transform can be used as a moment generating function, the average interference can be written as E [I(x)] = − d ds L I (x) (s) s=0 . Hence the proof consists on obtaining the derivative of (8) and then particularizing for s = 0.
Remark 4 (Convergence of the interference): In view of (14) it can be stated that the average interference is only finite for
U (c, x) = 0 which makes the average interference tends to infinity.
B. Multi-Lane Partition (MLP)
Lemma 3: In case of MLP, the Laplace transform of the interference evaluated at the probe receiver, placed at x is given by
is written in (15) and
Proof: The proof is given in Appendix B. Corollary 2: In the special case, d A < d safe < (n AR − 1)d A and |x| < n AR d A /2, the Laplace transform of the interference can be simplified into the following expression
where λ = λ L for the MLP case (Table II) .
Proof: The proof consists on noticing that in the case where d A < d safe < (n AR − 1)d A holds, then, the indicator function
and 1 otherwise. This means that there is no interfering vehicles inside the probe segment. Additionally, if |x| < n AR d A /2, then 1(|VT i − x| > d safe ) = 1.
The next theorem gives the capture probability with MLP. Theorem 2: The capture probability of a probe receiver placed at a distance r bc from the transmitter with MLP is
where L I (x) (s) is given in Lemma 3 and |D (x)|, which represents the Lebesgue measure of the relative complement of the interval [−d A /2, d A /2) with respect to the set b x (d safe ), and it is written as
Proof: The proof follows from having the probe vehicle uniformly distributed inside the region
, and hence the pdf of its position is given as and c 2 depend on other system parameters, and thus, they are constants with respect to ρ VT . Analogously, the capture probability depends on the noise power, σ 2 n , as c (k ) 1 exp(−c 2 σ 2 n ), which is a decreasing function with respect to σ 2 n . Therefore, the maximum capture probability, for a given set of system parameters, is equal to c (k ) 1 , and it is achieved either in the limit, ρ VT → ∞, or in the no-noise case (σ 2 n = 0). Remark 6 (Noise-limited regime): The system is noise limited, and thus, there is no interference if d safe > d A and n AR > (2d max 
Proof: With MLP, if d safe > d A there is no intra-segment interference. Hence, in this case it is possible to determine the number of ARs, n AR , that leads to a system without interference. This is guaranteed if the distance between the probe receiver, which is placed at x = VT 0 + r bc , and the distance towards the nearest interfering vehicle is higher than d max . This involves that the probe vehicle is placed at VT 0 = d A /2 and the probe receiver is placed at the maximum communication range, with r bc = d max . Therefore, in this case, the nearest interfering vehicle must be placed at a distance towards the probe receiver greater than d max . This requires that n AR d A − d A > 2d max . Reordering the above inequality completes the proof.
Corollary 3: In the special case of r bc > d A , the capture probability is given as
where the Laplace transform of the interference is now given in Lemma 3. Proof: The proof comes after realizing that, in case of r bc > d A , then |D(v + r bc )| is d A and 1 (v / ∈ b v +r b c (d safe ))=1. Lemma 4: With MLP, the average received interference at x, being the probe segment centered at the origin, can be expressed as
Proof: The proof is analogous to Lemma 2. Hence, it has been obtained the derivative of the Laplace transform of the interference, which is given in Lemma 3, and the resulting expression has then been particularized for s = 0.
V. BINARY RATE, ENERGY EFFICIENCY AND OPTIMAL TRANSMIT POWER

A. Binary Rate and Energy Efficiency
Lemma 5: The average BR at a distance r bc from the typical vehicle transmitter, VT 0 , appears below
where b AR is given in Table II andF SINR (γ) is either given in Theorem 1 or 2 depending on the considered scheme, i.e., SLP or MLP respectively.
Proof: The proof consists on performing expectation over (5) and realizing that E [1 (SINR (VT 0 + r bc ) > γ)] is the CCDF of the SINR.
Remark 7 (Average rate when n AR tends to infinity): In view of Lemma 5 and Corollary 1 it can be stated that for a finite SINR threshold, γ, the average BR tends to 0 as n AR tends to infinity.
Proof: The proof consists on noting that the CCDF of the SINR is equal or smaller than 1, hence for a finite γ the term n AR in the denominator of (23) makes the average BR tend to 0.
Lemma 6: The average EE at a distance r bc from the typical vehicle transmitter, VT 0 , appears below
where x = VT 0 + r bc andF SINR (γ) is either given in Theorem 1 or 2 depending on the considered scheme, i.e., SLP or MLP respectively.
Proof: The proof is analogous to the case of Lemma 5.
In view of Remark 5, the capture probability, average BR and EE can be written as it appears in Table III .
B. Optimal Transmit Power
In this section, the optimal transmit power that maximizes the EE, while providing a minimum capture probability, is derived. Such a constrain is expressed as a percentage, δ, of the maximum capture probability that can be achieved according to Remark 5. More formally, the optimization problem is formulated as follows
where k is a label that can be either equal to SLP or MLP, i.e., k = {SLP, MLP} and the metrics E [EE] andF SINR (γ) are given in Table III for SLP and MLP. Solving (25) leads to the following theorem.
Theorem 3: The optimal transmit power, for SLP and MLP, can be written as appears below (26) leading to the following EE and capture probability
where, again, k = {SLP, MLP}. Proof: The average EE is a concave function in the open interval ρ VT ∈ (0, ∞). Hence, it has a single critical point, which is placed at ρ VT = c 2 , that leads to the global maximum. Nevertheless, the constrain over the capture probability imposes that the solution must lie between the following interval ρ VT ∈ [c 2 ln −1 (1/δ), ∞). It should be noticed that the average EE is an increasing function for ρ VT < c 2 and a decreasing function for ρ VT > c 2 . Hence, if δ < e −1 , the critical point fulfills the constrain over the capture probability, which leads to the solution ρ VT = c 2 . On the other hand, if δ > e −1 , the constrain governs the optimal transmit power which is now ρ VT = c 2 ln −1 (1/δ).
Remark 8 (Independence of the optimal transmit power): In view of Theorem 3 it can be stated that the optimal transmit power is independent of the considered scheme, i.e., SLP or MLP. This is due to the fact that the optimal transmit power only depends on c 2 and δ.
VI. NUMERICAL RESULTS
The simulation setup is chosen from the guidelines given in [1] , [13] , [15] . In particular, it is considered a velocity-dependent safe distance between vehicles, according to 3GPP simulation assumptions for LTE V2X [13] : d safe (m) = 2.5 · v(m/s). Assuming a vehicle velocity of 60 km/h, this leads to a safe distance of 42 m. Such a minimum distance yields to a maximum vehicle density per lane of λ L,max = 1/(2d safe ) = 84 −1 [7] . A high density of vehicles is considered, and hence the density per lane is set to 80% of the maximum density. The system 
bandwidth is 10 MHz, as given in [13] ; however, excluding guard-bands in LTE this leads to 9 MHz of useful bandwidth.
It is complex to model the occurrence of hazardous situations that require the transmission of non-periodic, i.e., event-driven messages, since in this case, the active probability is related to diverse factors like the road conditions, the driving behavior of the population, speed, vehicle density among others [1] . We are interested to account for a worst case, and hence we have chosen a probability of being active, i.e., with data to transmit, of 0.25. This represents that each vehicles, generate a hazardous situation, e.g. like a sudden hard braking, a 25% of time they are on the road, which is much higher than the expected value in real conditions. On the other hand, with periodic messages it is considered a message size of 2400 bits and reporting time of 100 ms as given in [13] . The path loss is taken from [15] . It is considered that VTs transmit with −40 dBm/Hz, a thermal noise power of −174 dBm/Hz and a noise figure of 9 dB as pointed out in [13] , which leads to σ 2 n = −165 dBm/Hz. Simulation parameters are summarized in Table IV . Simulations are carried out averaging over 10 4 spatial realizations. Through this section, analytical results are drawn with solid lines whereas markers are used for simulation results. As stated in Remark 1, results related with SLP are exact whereas results related to MLP are approximations. Nevertheless a good match between simulation and analysis is observed in both cases. Fig. 4 illustrates the capture probability for SLP and MLP with both periodic and non-periodic messages versus γ. In the case of non-periodic messages, MLP scheme achieves a higher capture probability than SLP. This is due to the fact that with MLP there is no intra-segment interference, as well as to the fact that the density of interfering vehicles is smaller. If we focus on the case of periodic messages, it is observed a higher capture probability than in the case of non-periodic messages. This is because, with periodic messages the probability of being active, which gives the density of interfering vehicles, is greatly smaller than in the case of non-periodic messages. In particular, for SLP and MLP, with periodic messages the active probability is always smaller than 0.067 and 0.134, respectively. These values are greatly smaller than the active probability of non-periodic messages (0.25). On the other hand, according to Remark 2, the density of active vehicles in case of periodic reporting, which is λ · p a , is the same for SLP and MLP schemes. However, SLP, contrary to MLP, has intra-segment interference, which explains why SLP has a sightly smaller capture probability, as it can be observed from Fig. 4 .
A. Impact of the SINR Threshold and the Traffic Activity
The average BR versus γ is shown in Fig. 5 . Three trends can be observed from the figure. Firstly, it can be noticed that the average BR of periodic messages is higher than non-periodic messages. This is related to the smaller capture probability that exhibits non-periodic messages as it has been discussed above. Secondly, it can be observed that SLP leads to a higher average BR, which is due to the fact that with this scheme the bandwidth per AR is higher. Finally, it is observed that there exists a value of γ that maximizes the average BR. Fig. 6 illustrates that the capture probability is a decreasing function with respect to p a as expected, which is related to the higher interference as the density of transmitting vehicles increases.
B. Impact of the Number of Access Resources
In Fig. 7 it is observed that in the case of non-periodic messages, with a high active probability (p a = 0.25), increasing n AR greatly increases the capture probability for both SLP and MLP. However, when n AR is high, for MLP the capture probability is close to 1 whereas for SLP is smaller, i.e. 0.85. To understand this fact let us recall that with SLP there are two terms of interference: 1) the interference that comes from the probe segment (intra-segment interference); and 2) the interference from the rest of co-channel segments. Additionally, with non-periodic messages the active probability does not depend on n AR , which involves that the density of interfering vehicles is fixed. Hence, for SLP with non-periodic messages, the interference reduces with n AR since the interference from all the co-channel segments (except probe segment) is reduced. When the number of ARs is high enough, this interference term is negligible, and the dominant term is the interference from the probe segment. In this regime the capture probability for SLP with non-periodic messages does not grow any more than 0.85. On the contrary, for MLP with non-periodic messages the capture increases with n AR because in this case there is no intra-segment interference. Therefore, this scenario highlights the great potential of GLOC for non-periodic messages where reliability plays a crucial role. The increment of capture probability with n AR is also observed with periodic messages under MLP; however, with SLP the capture probability of periodic messages is a decreasing function with n AR . To explain this fact let us remark that, with periodic messages the active probability is a decreasing function with respect to n AR , which can be contrasted from (7) . Hence, the capture probability with SLP decreases as n AR rises, since SLP suffer from intra-cluster interference. For MLP the trend is different, since in this case there is no intra-cluster interference. In particular, with MLP it is obtained reliabilities of 99.55% and 99.76% with non-periodic and periodic messages respectively, at a distance of 150 m with n AR = 100.
Hence, providing a very high capture probability is a paramount issue. One of the great benefits of MLP is that, according to Remark 6, it is possible to move the system from an interference-limited into a noise-limited regime by increasing n AR ; once the system is noise-limited, the capture probability can be increased by increasing the transmit power as stated in Remark 5. This is illustrated in Fig. 8 where it is shown the maximum capture probability, c
, which it is achieved for ρ VT → ∞. As stated in Remark 6, for our simulation assumptions the system is noise-limited for n AR > 2668. Fig. 9 illustrates the average BR versus n AR . It is shown that, when 10 < n AR < 100, SLP achieves a higher average BR than MLP since ARs have more bandwidth in the former case. Regarding non-periodic messages, it is shown that there exists an optimal value of n AR , which maximizes the average BR. To understand this, let us recall that the average BR depends on the bandwidth per AR, b AR , and the capture probability (see (23) ). On the one hand, increasing n AR increases greatly the capture probability when n AR is small. This explains why the average BR increases with n AR , when such value is small. On the other hand, when n AR is high enough, the capture probability achieves a maximum value and does not increase more. Hence, in this case, the average BR decreases with n AR since b AR reduces. Finally, it is shown that the average BR is a decreasing function with n AR , and it tends to 0 as n AR → ∞, as stated in Remark 7. 
C. Impact of the Broadcast Distance and the Segment Size: r bc and d A
The average interference is evaluated in Fig. 10 for locations, x ∈ R, ranging from −105 to +105 m, where the probe segment is centered at x = 0. As it is stated in Remark 4, it can be observed that without a minimum distance between points, the interference does not converge within co-channel segments, which are centered at multiples of n AR . It is used the same density λ with both SLP and MLP to assess the effect of the minimum distance between vehicles in the interference. Interestingly, it is observed that the maximum interference with d safe = 42 is reached at x = ±63. This is because three facts: 1) there are no interfering vehicles inside the probe segment; 2) when |x| increases below 63, the distance to the interfering vehicles is reduced; and 3) when |x| grows above 63 it is less likely to have an interfering vehicle in the nearest interfering segment, which is centered at x = ±126. On the one hand, 2) explains why the average interference grows as |x| increases below 63, while 3) explains why the interference decreases as |x| grows above 63. On the other hand, 1) is due to the fact that the probe vehicle inhibits to have other vehicles in the probe segment thanks to the safe distance whereas 3) is due to the fact that having the probe receiver at x, with 189 > |x| > 63, reduce the effective area of the segment where interfering vehicles can be placed. With similar arguments, it can be explained the behavior of the average interference for d safe = 21. The main difference is that, now, there is also interference from the probe segment unless the probe receiver is placed at x = 0. Fig. 11 shows the capture probability versus the broadcast distance, where it is observed the reduction in capture probability as r bc increases. However, it can be observed that the dependence with r bc is higher in case of non-periodic than in case of periodic messages.
The capture probability versus the segment size is represented in Fig. 12 . To understand this result, two aspects should be taken into account. On the one hand, increasing d A rises the distance to co-channel segments, since this distance depends on n AR d A . However, if d A grows the segment-size also rises, which may lead to intra-segment interference. With SLP, it is shown that the capture probability decreases as d A increases roughly below 10 m. This is because, since there exists intra-segment interference, the interference rises as d A increases. With MLP, the capture probability grows as n AR rises for n AR < 42 m. This is due to the fact that increasing d A rises the distance to co-channel segments. Then, for n AR > 42 m, if n AR grows the capture probability decreases since there is now intra-segment interference, which is due to the fact that d A > d safe .
D. Transmit Power and Optimum Energy Efficiency
In this section it is assessed the dependence of the capture probability with the transmit power, and then it is shown results related to the optimization problem solved with Theorem 3. Remark 5 is illustrated in Fig. 13 . It is shown that the capture probability is an increasing function with ρ VT , and its maximum value, c (k ) 1 , is roughly achieved when ρ VT is high enough. This figure, illustrates that there exists a region, where a great increment in the transmit power, leads to a negligible growth of the capture probability, which implies a waste on transmit power. The average EE versus ρ VT is shown in Fig. 14, where it is observed that the global (unconstrained optimum) of the EE is achieved with δ = 0.3, as stated in Theorem 3. If a higher capture probability, i.e., higher δ, must be satisfied, the optimal transmit power leads to a smaller capture probability, as it is observed for δ = 0.99 in the figure. Specifically, for MLP with δ = 0.99, it is observed that the optimal EE, which is around 1.4 · 10 9 b/J, is achieved at ρ VT = −58.27 dBm/Hz. In that case, the capture probability of periodic and non-periodic messages is 97.41% and 96.27% respectively, but the transmit power is around 20 dB smaller than in the baseline case (ρ VT = −40 dBm/Hz). With Theorem 3 it is obtained the optimal transmit power that maximizes the EE while providing a minimum capture probability. As a result, for a given set of parameters and constraint, δ, it is obtained the optimal transmit power, ρ VT , maximal E[EE] , and associated capture probabil- ity as given with (26) , (27) and (28) respectively. These three metrics are shown with Figs. 15 and 16 for γ values ranging from −5 to 20 dBs. In Fig. 15 every pair of the form (E[EE] , ρ VT ) is obtained for a different a γ value. This allow us to assess jointly the dependence of both metrics with γ. It is observed that a smaller γ yields to a higher optimal EE, and a smaller optimal transmit power. This means that, regarding transmit power it is more convenient to use smaller γ for a given minimum capture probability. Additionally, increasing the capture probability constraint, δ, reduces the optimal EE and increases the optimal transmit power, since it is necessary more power to fulfil δ. The capture probability associated with Fig. 15 is illustrated in Fig. 16 .
VII. CONCLUSION
In this paper, we have performed analysis and optimization of Geo-Location based access for delivery of periodic and nonperiodic messages in vehicular networks. It has been proposed two frequency allocation schemes, MLP and SLP, that differ on whether lane finding is required or not. It has been obtained simple expressions for the capture probability, average binary rate and energy efficiency. These expressions allow a quick evaluation of main metrics without the need of performing long-time consuming simulations. Besides this, it has been obtained many theoretical insights from the obtained expressions. In particular, it has been shown that: (i) the capture probability is an increasing function with respect to the transmit power with exponential dependence; (ii) the system is noise-limited for MLP when the number of ARs is high enough, whereas it is interference-limited in case of SLP; (iii) the average interference diverges when it is evaluated in co-channel segments with SLP, whereas it always converges for the case of MLP. Interestingly, (iii) means that with MLP it is possible to obtain a capture probability as high as necessary, by increasing the number of ARs and transmit power. Finally, the optimum transmit power that achieves maximal EE subject to a minimum capture probability is also obtained.
APPENDIX A PROOF OF LEMMA 1
In case of SLP, the Laplace of the interference can be written as follows 
where (a) comes after expressing exponential of the summation that defines the interference as a product over the PPP Φ (a) ; (b) after applying the PGFL [7] of the PPP and performing expectation over the fading and (c) after expressing the region A (AR 0 ) as a summation of co-channel segments. Then, we can proceed as appears below 1 μ
(1)
where (a) comes after applying the maximum distance to the integration limits and performing the change of variables t = y − x and (b) comes after expressing the absolute value function as |t| = t · 1(t ≥ 0) − t · 1(t < 0) and applying the indicator functions to the integration limits. Finally, performing both integrals and reordering completes the proof.
APPENDIX B PROOF OF LEMMA 3
The Laplace transform of the interference can be written as 
where (a) comes after applying Assumption 1 and reordering the resulting expression and (b) after applying the PGFL of the PPP, performing expectation over the fading, expressing the region A (AR 0 ) as a summation of co-channel segments and performing the change of variables t = y − x. Then, we proceed as follows
where it has expressed the absolute value function as |t| = t · 1(t ≥ 0) − t · 1(t < 0) and it has applied the resulting indicator functions to the integration limits. It should be noticed that the following equations holds
Finally, substituting the above expressions into (32), performing the resulting integrals and reordering completes the proof.
